Adenosine deaminases that act on RNA (ADARs) convert adenosines to inosine in both coding and noncoding double-stranded RNA. Deficiency in either ADAR1 or ADAR2 in mice is incompatible with normal life and development. While the ADAR2 knockout phenotype can be attributed to the lack of editing of the GluR-B receptor, the embryonic lethal phenotype caused by ADAR1 deficiency still awaits clarification. Recently, massive editing was observed in noncoding regions of mRNAs in mice and humans. Moreover, editing was observed in protein-coding regions of four mRNAs encoding FlnA, CyFip2, Blcap, and IGFBP7. Here, we investigate which of the two active mammalian ADAR enzymes is responsible for editing of these RNAs and whether any of them could possibly contribute to the phenotype observed in ADAR knockout mice. Editing of Blcap, FlnA, and some sites within B1 and B2 SINEs clearly depends on ADAR1, while other sites depend on ADAR2. Based on our data, substrate specificities can be further defined for ADAR1 and ADAR2. Future studies on the biological implications associated with a changed editing status of the studied ADAR targets will tell whether one of them turns out to be directly or indirectly responsible for the severe phenotype caused by ADAR1 deficiency.
INTRODUCTION
Adenosine deaminases that act on RNA (ADARs) convert adenosines to inosines in structured and double-stranded RNA (dsRNA). In mammals, RNA editing was first observed in mRNAs encoding proteins of the central nervous system. Since inosine is interpreted as guanosine during translation, editing within a coding region will often lead to functional alterations of the encoded protein (Maas et al. 2003) . Widespread editing of nontranslated RNA species or noncoding regions of RNA transcripts has also been described (Athanasiadis et al. 2004; Blow et al. 2004 Blow et al. , 2006 Levanon et al. 2004 ). This suggests that other aspects of RNA function, including splicing, localization, translation, and transcript stability may also be affected by RNA editing.
In mammals, three ADAR proteins and their corresponding genes have been identified (O'Connell et al. 1995; Melcher et al. 1996a,b; Chen et al. 2000) . While ADAR1 is ubiquitously expressed, ADAR2 expression levels are highest in the brain. Both enzymes mediate A-to-I conversion in synthetic dsRNAs and naturally occurring substrates. ADAR3, exclusively expressed in the brain, has so far not shown any catalytic activity using synthetic dsRNA or known ADAR targets.
The two active enzymes ADAR1 and ADAR2 have different, but sometimes overlapping target specificities, as can be concluded from in vitro studies investigating the glutamate receptor (gluR) and the 5-HT2C serotonin receptor pre-mRNAs. For instance, either ADAR1 or ADAR2 can edit the GluR-B R/G site (Melcher et al. 1996b) , and the serotonin A and C editing sites (Burns et al. 1997 ). In contrast, the serotonin B site is deaminated exclusively by ADAR1, while the GluR-B Q/R and the serotonin D sites are deaminated only by ADAR2 (Melcher et al. 1996b; Burns et al. 1997; Yang et al. 1997) . The selectivity of the two enzymes was also shown in vivo. An almost complete lack of editing at the serotonin receptor A and B sites was noted in transcripts derived from ADAR1 knockout cell lines (Hartner et al. 2004; Wang et al. 2004) . In contrast, editing of the GluR-B Q/R site was unchanged (Wang et al. 2004) .
The basis for their distinct, but overlapping specificities, is not well understood. Like most dsRNA binding proteins, ADAR1 and ADAR2 will bind to any dsRNA without sequence specificity. However, ADARs deaminate certain adenosines more efficiently than others. It has been proposed that the structure of the RNA substrate rather than its sequence might determine selectivity (Bass 1997) .While ADARs deaminate perfectly base-paired dsRNA promiscuously, selective deamination is observed in dsRNAs containing mismatches, bulges, and internal loops (Polson and Bass 1994) . Internal loops delineate helix ends for ADAR1, and adenosines close to the 39 termini of such helices are less likely to be edited (Lehmann and Bass 1999) . ADAR1 and ADAR2 are reported to have distinct, but sometimes overlapping specificities. ADAR1 has a 59 neighbor preference (A = U > C > G) but no apparent 39 neighbor preference (Polson and Bass 1994) . The 59 neighbor preference of ADAR2 (A % U > C = G) is similar to that of ADAR1, but in addition, ADAR2 also shows a 39 neighbor preference (U = G > C = A) (Lehmann and Bass 2000) . However, some adenosines fail to be edited, even though they appear to be in the right context. Apart from the surrounding sequence, editing efficiency is strongly influenced by the base opposing the edited adenosine. A:C mismatches are preferred over A:A, A:G mismatches, or A:U base pairs (Wong et al. 2001) .
Editing of transcripts by ADAR enzymes is essential for normal life and development. Mice deficient in ADAR2 develop normally, but are prone to epileptic seizures and die young. The impaired phenotype seems to result entirely from a single under-edited position, namely, the Q/R site in the GluR-B transcript, which is normally edited to almost 100%. Full phenotypic rescue is achieved by introducing a GluR-B in the edited version (Higuchi et al. 2000) . The phenotype of mice deficient in ADAR1 is more severe. ADAR1-deficient mice develop a severe liver defect, involving cells of both the hematopoietic and hepatic lineages, and die between E11.5 and 12.5. Thus, ADAR1 seems to play a critical role in non-nervous tissue, which is likely to include transcript editing (Hartner et al. 2004) .
Since ADAR1 À/À lethality could not be explained by any of the known editing events, the search for novel targets is in progress. A number of groups have used computational analysis to identify thousands of A-to-I editing sites in the human transcriptome (Athanasiadis et al. 2004; Blow et al. 2004; Kim et al. 2004; Levanon et al. 2004 ). Most of these sites reside in Alu elements located in untranslated regions (UTRs), introns, and intergenic regions. Alu repeats of reversed orientation can base pair to form the dsRNA structure required for targeting by ADARs. The abundance of Alu elements in the genome explains the high editing levels observed in these repeats. A recent study has elucidated the RNA-editing levels in mouse repeats (Neeman et al. 2006 ).
Here, RNA editing is determined by specific properties of different repeat families such as abundance, length, and divergence. Editing sites in mouse are found in different types of repeats, mainly the SINEs B1 and B2, the L1 LINE, and the MalR LTR (Neeman et al. 2006) .
Aside from editing in noncoding regions, four novel human substrates have been identified using comparative genomics and expressed sequence analysis (Levanon et al. 2005) . Interestingly, none of the found substrates-Blcap, Igfbp7, Cyfip2, and FlnA-encodes a receptor protein, but the latter two are strongly expressed in the central nervous system and seem to be involved in proper nervous system function. Blcap (bladder cancer-associated protein) is differentially expressed in bladder cancer (Gromova et al. 2002) and renal cancer cell lines (Rae et al. 2000) and is predicted to encode a small globular protein with two transmembrane helices. Editing is responsible for recoding of the second amino acid of the final protein from Y/C (Levanon et al. 2005) . Further downstream, two additional recoding editing events (Q/R and K/R) were identified in another screen (Clutterbuck et al. 2005) . The CYFIP2 (cytoplasmic FMR1 interacting protein 2) protein is highly conserved in both invertebrates and vertebrates. A single editing event resulting in a K/E substitution was identified in the CYFIP2 transcript and editing was most pronounced in brain (Levanon et al. 2005) . In addition to cross-linking actin, the 280-kDa protein Filamin A (FlnA) has been reported to interact with a variety of cellular proteins of diverse function (Popowicz et al. 2006) . Thus, FlnA constitutes a versatile molecular scaffold for cell motility and signaling. The single editing site identified in FlnA leads to a Q/R substitution and is located in a region with many potentially interesting binding partners (Levanon et al. 2005) .
In the present study we set out to ascertain whether any of the novel identified editing events contribute to the unexplained ADAR1 À/À phenotype. Possible target preferences of ADAR1 and ADAR2 were examined by determining the editing status of transcripts derived from mice deficient in either enzyme. We looked at the novel coding targets Cyfip2, Blcap, and FlnA, as well as two examples each for mouse B1 and B2 SINEs.
RESULTS
Editing status of coding targets in mice deficient in either Adar1, Adar2, or both
The coding targets Blcap, Cyfip2, and FlnA were analyzed with respect to which of the ADAR enzymes is responsible for editing. The regions harboring adenosines subjected to editing were amplified from cDNAs derived from mice deficient in ADAR2. To determine the impact of ADAR1 on the editing of these substrates, cDNAs of neuronal cultures derived from ADAR1 or ADAR1/ADAR2-deficient embryos were used. Lack of the responsible enzyme should lead to a decrease of editing at a particular site. Indeed, for BLCAP the lack of ADAR1 results in a decrease of editing at the predicted Y/C site (Table 1) . However, a low editing level is still seen, indicating that ADAR2 can partially take over the function of ADAR1 at this particular position. A second editing site (Q/R) just downstream from the Y/C site shows a similar pattern. Editing levels drop to zero in cells derived from neuronal cultures deficient in both ADAR1 and ADAR2.
In the case of CYFIP2, the enzyme responsible for editing seems to be ADAR2. While a lack of ADAR1 does not change editing levels, the absence of ADAR2 results in a significant decrease (Table 1) . Again, however, editing levels do not drop to zero. This is only the case in cells deficient in both ADAR1 and ADAR2.
Finally, the results obtained for FLNA are not as distinct as for the two coding targets mentioned above. There is only a slight decrease of editing at the predicted site (Q/R) in the absence of ADAR2. Lack of ADAR1 does not have an effect (Table 1) . Editing levels never drop to zero, but are generally rather low. No editing at all could be seen in FLNA fragments amplified from cDNAs derived from cells deficient in both ADAR1 and ADAR2, indicating a joint role of these two enzymes in the editing of FLNA.
Editing status of noncoding targets in mice deficient in either Adar1, Adar2, or both
B1 SINEs
The EXOC8 transcript harbors three B1 repeats in close vicinity in its 39UTR. The repeat located in the middle is of inverted orientation, and folding predictions show that it forms a dsRNA structure with the repeat located downstream. The three B1 repeats were amplified from cDNA derived from mice deficient in either ADAR1 or ADAR2. The resulting PCR products were bulk sequenced and analyzed for A-to-G mismatches at the predicted sites. Editing events occurred in both repeats that were predicted to form a dsRNA structure, but were not observed in the unpaired repeat located upstream (Table 2 ). Editing could be verified for five (Table 2 , sites 1-4, 6) out of seven sites predicted for the two repeats. Two predicted editing sites showed no editing in brain or primary neuronal culture. Further, our experimental approach identified three additional editing sites in the forward repeat (Table 2, sites 5,7,8) . While a lack of ADAR2 does not decrease editing at sites 1, 2, and 6, editing levels drop to zero at these sites in ADAR1 knockout mice, demonstrating their editing by ADAR1 (Table 2 ). In contrast, site 5, which is edited to 100% in primary neuronal culture, but shows zero editing in brainderived transcripts, is not at all affected by a lack of ADAR1. In the absence of ADAR2, editing at site 3 was significantly lower, or in the case of site 8, no longer detectable, thus making these sites look like preferential ADAR2 targets. Deamination of the remaining sites (Table 2 , sites 4,7) seems to be affected by the lack of either ADAR, suggesting a joint role of ADAR1 and ADAR2 in editing these sites.
Further, editing has been investigated in the CD300a transcript. The two B1 repeats, located in CD300a, are predicted to form a duplex and are both edited at six positions (Table 3 ). The rather poor expression levels of this cDNA precluded investigation by bulk sequencing. Therefore, to correct for contaminating PCR species, editing levels were determined by sequencing of cloned products. Editing at sites 7, 11, and 12 is completely inhibited in the absence of ADAR2. Site 10 is the only site where editing is completely inhibited in the absence of ADAR1. The majority of editing sites in the CD300a transcript, namely, the eight remaining sites, cannot clearly be assigned to one of the two enzymes. For many of them, the loss of ADAR2 has no negative effect on editing in the brain. Six out of 12 editing sites are not deaminated in transcripts derived from primary neuronal culture.
B2 SINEs
The mouse GAB2 gene harbors two closely spaced B2 elements in an intron. These two inverted repeats are separated by less than 40 nucleotides (nt), allowing us to observe editing in both strands simultaneously. The region of interest was amplified from cDNA derived from mice or cells lacking either ADAR1 and/or ADAR2. Two novel editing sites (Table 4 , sites 3,4) were identified experimentally in addition to the three predicted sites (Table 4 ,1,2,5). Site 1 is highly edited in brain and neuronal culture (Table  4) . While a lack of ADAR1 does not decrease editing at this site, editing levels drop to zero in ADAR2 knockout mice, suggesting that this site is an ADAR2 target. Similar tendencies are seen for sites 3 and 4. On the other hand, site 2 is no longer edited in the absence of ADAR1, indicating that this site is preferentially edited by ADAR1. Site 5 seems to be affected by the lack of both, ADAR1 or ADAR2, suggesting that the two enzymes play a shared role in the editing of this site. Editing has also been observed in an aberrant, incompletely spliced transcript of the ABLIM1 gene. This gene harbors two B2 repeats of inverse orientation in intronic regions. The two repeats were amplified from cDNA derived from mice deficient in either ADAR1 or ADAR2. Editing was only observed in one of the two repeats (Table  5) . Sequence analysis revealed one novel editing site (2) in addition to the five predicted sites in this region. While three sites were not edited in transcripts derived from either brain or primary neuronal culture, editing of the remaining three sites (1-3) could be detected in brain. Editing levels of 10%-20% were observed for these sites. These levels dropped to zero in mice deficient in ADAR2, suggesting that in brain, sites 1, 2, and 3 are preferentially targeted by ADAR2.
DISCUSSION
While the phenotype of ADAR2 knockout mice can be explained by underediting of the Q/R site in the GluR-B transcript, the severe phenotype of ADAR1 knockout mice is still unsettled. None of the previously described coding targets seems to be responsible for the observed embryonic lethality. The identification of CYFIP2 as an ADAR2 target presumably excludes it as a candidate. However, editing of FLNA involves both ADAR1 and ADAR2, and BLCAP seems to be preferentially targeted by ADAR1.
One editing site (Q/R) has been identified in the FLNA transcript. A slight reduction in editing is seen in mice deficient in ADAR2, while a lack of ADAR1 shows no immediate effect. Yet, the fact that ADAR2-deficient mice still show a significant amount of FLNA suggests that ADAR1 can edit this RNA. The widely expressed FLNA protein cross-links actin filaments by its N-terminal actin-binding domain. The rest of the protein consists of a rod-like domain of 24 repeats, interrupted by two hinge regions. It is this rod-like domain, in particular, repeats 15-24, which is involved in binding over 45 cellular proteins of various functions (Robertson 2005) . While null mutations of FLNA lead to defects in neuronal migration, vascular function, and connective tissue integrity (PVNH), missense mutations in the same gene product produce a spectrum of malformations in multiple organ systems, especially the skeleton (OPD-spectrum disorders) (Feng and Walsh 2004) . The Q/R substitution in FLNA maps to repeat 22, which has been reported to bind to Glutamate receptor type 7, Calcitonin receptor, Androgen receptor, SEK-1, BRCA-2, Smad, Caveolin-1, and Integrin (Popowicz et al. 2006 ). Editing at this position might affect binding to one of the potential binding partners described for this region. Interestingly, the adenosine to be edited is located in the immediate vicinity to an exon-intron junction. Therefore, editing at this position is likely to influence splicing. Alteration of the binding capacity of FLNA to one of its many Substrate specificity in novel ADAR targets www.rnajournal.org 1113
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The BLCAP transcript shows editing at two positions corresponding to the second and fifth amino acid of the final protein, resulting in a Y/C and Q/R change, respectively. Sequence analysis of BLCAP cDNA, derived from mice deficient in one or the other ADAR enzyme, suggests that BLCAP is preferentially edited by ADAR1. The function of the highly conserved 87 aa-long protein is unknown (Gromova et al. 2002; Su et al. 2004) . BLCAP is predicted to encode a small globular protein with two membrane helices (Clutterbuck et al. 2005) . The identified editing sites locate to the N-terminal region of the protein, predicted to be outside of the membrane. Further, deamination of these positions results in nonsynonymous amino acid substitutions of exposed residues (Clutterbuck et al. 2005) . The edited adenosines and most of the adjacent bases are conserved across species, suggesting a fundamental role for editing in this region.
In the last few years it has become clear that recoding and altering of protein function is only one of the capacities of A-to-I editing. Its most common targets are untranslated sequences, particularly repetitive elements residing in introns and 39UTRs. Further, certain microRNA (miRNA) precursors are subject to editing by ADARs. These findings suggest additional, currently unknown functions for RNA editing.
Different sites in repetitive elements are edited by different ADARs
Looking at editing events within two B1 repeats residing in the 39UTR of EXOC8 as well as within two B1 elements located in intronic regions of CD300a, we found that both ADAR1 and ADAR2 are involved in editing of B1 SINEs in mouse. Editing of some sites such as sites 1, 2, and 6 of the EXOC8 transcript clearly depended on ADAR1 (Table 2) . Other sites were targets for ADAR2 or allowed for editing by both enzymes. Only one site in CD300a could clearly be assigned to ADAR1. A few sites seem to be targets for ADAR2, but most of the sites could not clearly be assigned to either ADAR, indicating a joint role of the two enzymes.
Analysis of B2 editing on the basis of two B2 repeats located in an intron of the GAB2 gene as well as two intronically located B2 repeats of the Ablim1 gene showed, similar to B1 editing, involvement of both ADAR1 and ADAR2. Generally, the B2 elements analyzed in the frame of this work contained more ADAR2 than ADAR1 editing sites. However, site 2 in the GAB2 transcript was identified as a clear ADAR1 target (Table 4) . Further, the B1 elements investigated in this study contained more editing sites (eight for Exoc8 and 12 for CD300a) than the B2 repeats (five for Gab2 and three for Ablim). Our results showed that at least some sites located in mouse repetitive elements are exclusively edited by ADAR1.
An altered editing pattern of noncoding RNA due to ADAR1 deficiency is likely to affect various cellular processes associated with A-to-I editing of noncoding RNA. However, the precise role of editing in untranslated regions is poorly understood. It is thought to influence gene expression in several ways. (1) Inosine does not base pair with uracil but it does with cytosine; thus, the stability of RNA molecules might be influenced by creating or disrupting secondary structures. Subsequently, other dsRNA-dependent processes such as RNA interference (RNAi) could be affected. (2) Indeed, ADAR editing and the RNAi pathway have been linked (Bass 2000) . (3) It has been observed that edited RNAs commonly have aberrant splicing patterns (Kim et al. 2004) . Even if editing does not directly alter splice sites, base modifications of repetitive elements could change local RNA structures and inhibit the normal splicing process. Therefore, Alu-associated RNA editing has been suggested as a mechanism for marking nonstandard transcripts, not destined for translation (Kim et al. 2004) . (4) Indeed, cellular machineries for processing multiple-inosine-containing RNAs do exist. It has been reported that transcripts containing inosine, which is not normally part of RNA molecules, may be recognized and retained in the nucleus by a protein complex consisting of p54nrb, PSF, and matrin 3 (Zhang and Carmichael 2001) . Scadden and Smith (2001) described a cytoplasmic ribonuclease activity that specifically cleaves inosine-containing transcripts. (5) Recent reports have implicated a new role for RNA editing in the control of miRNA biogenesis. A few studies have identified miRNA precursors as ADAR targets (Blow et al. 2004; Luciano et al. 2004; Yang et al. 2006 ). Editing of miRNA can affect their processing, as was shown for the pri-miRNA-142, which upon editing can no longer be processed by Drosha and is degraded by Tudor-SN (Yang et al. 2006) . Depending on the location of the editing site(s), deamination can also result in inosine containing mature miRNAs, like in the case of miRNA22, where both the pri-miRNA and the mature miRNA sequence are edited (Luciano et al. 2004) . A survey to detect RNA editing of miRNAs from different human tissues revealed that 6% of all miRNA transcripts analyzed were A-to-I edited (Blow et al. 2006 ). Many of the editing events were found in mature miRNAs and some were situated in the ''seed'' sequence. This theoretically allows them to silence a different set of target genes than is silenced by the unedited miRNA (Blow et al. 2006 ). The first evidence that edited miRNAs have a biological significance in vivo was recently provided on the basis of miRNA376a, which was found to be edited in its seed region, thereby redirecting the edited miRNA to a new set of targets (Kawahara et al. 2007 ). While editing of miRNAs can modulate target specificity, results from a new study add an additional layer of complexity to miRNA-mediated repression. A-to-I editing is often found in 39UTRs, and sometimes these editing positions have the potential to block miRNA target recognition (Liang and Landweber 2007) . In general, however, RNA editing tends to avoid the miRNA target sites, suggesting that RNA editing in 39UTRs may be under functional constraint to avoid interrupting of miRNA target sites (Liang and Landweber 2007) . Another recent report showed that some Alu elements within human mRNAs serve as miRNA targets (Smalheiser and Torvik 2006) . A number of miRNAs show typical short-seed complementarity with a specific site within Alu elements that is highly conserved within 39UTRs of human mRNAs. This 6-mer core sequence (GCACUU) is also preserved in mouse B1 SINE consensus sequence, and was found to be present in B1 elements from EXOC8 and CD300a. In both cases, editing occurred close to but not within the 6-mer core sequence, thus not directly altering the target sequence for miRNAs. However, changed stability of the dsRNA structure, due to repeat editing, might impair targeting of specific mRNAs by their corresponding miRNA.
Sequence preferences of ADAR1 and ADAR2
ADARs act on dsRNA without apparent sequence-specific binding, but according to previous reports they do show certain neighbor base preferences. Obviously, the sample size of our study does not allow us to draw conclusions on a general pattern of preferences for one or the other ADAR. However, nearest-neighbor preference analysis of all substituted adenosines within the SINEs investigated in the course of this study reveals a slight excess of Cs one base 59 to the edited base. However, a similar frequency of Cs can also be found 59 to unedited adenosines. The 39 neighboring base is preferentially a G, or more general, a purine ( Fig. 1) . Analysis of all unedited adenosines within the dsRNA structure shows that this 39 purine preference is not simply due to sequence bias, as it occurs nearly twice as often in target trinucleotides than for non-edited adenosines. The excess of G one base 39 to the edited base has also been reported by Kim et al. (2004) , who looked at editing of embedded Alu elements in a statistical approach. The investigators further found certain trinucleotides to be favored (TAG, AAG) or disfavored (GAN, AAA) (Kim et al. 2004). Similar observations were made by Lehmann and Bass (2000) . This reflects the trinucleotide found to be favored most often in our data set, UAG. Nearly 11% of all UAG trinucleotides within the dsRNA structure were edited, closely followed by the CAG and GAA triplets (about 9% and 7%, respectively). UAG was found to be targeted by ADAR1 or both enzymes, but not in the group of clear ADAR2 target sites. This is in contrast to CAG and GAA trinucleotides, which displayed no clear preference for ADAR1, but for ADAR2, or both enzymes (Fig. 2) . Indeed, the Q/R site (CAG) of GluR-B has been described as an ADAR2 target in vivo (Melcher et al. 1996b ) and the Q/R site (CAG) of FlnA seems to also be targeted by ADAR2 (this study). Previously, the 39 G has been proposed as a preferred sequence context for ADAR2 (Lehmann and Bass 2000) . The relatively low number of exclusive ADAR1 sites allows no general conclusion on triplet preferences for this enzyme. However, two of the six sites identified as ADAR1 targets were in the sequential context of AAG; this triplet only occurred at a very low rate within the group of exclusive ADAR2 sites (Fig. 2) . The base opposite the edited adenosine was often uracil, followed by cytosine. This is mostly due to the fact that uracil occurs most often as the opposite base. Nonetheless, the frequency of C opposite an edited A is about three times higher than expected by the natural occurrence of C residues opposite A residues. While edited positions in Exoc8, Gab2, and Ablim had various bases located opposite, all 12 editing sites identified in CD300a were exclusively opposed by uracil. In the Gab2 transcript, three sites contain an A:C mismatch at the editing site, while the remaining two sites contain an A:U base pair and an A:G mismatch, respectively. The latter two sites are edited at much lower levels than the sites containing the A:C mismatch. While this is in accordance with previous results showing that an A:C mismatch at the editing site can enhance editing by both ADARs (Wong et al. 2001) , we saw comparably high levels of editing in Exoc8 at sites that contain an A:A mismatch or A:U base pair, respectively.
Editing sites cluster in repeats
Alignments between the two B1 elements or the two B2 elements examined in the frame of this study were performed in order to see whether the editing sites share any structural similarities. Interestingly, alignment of the B1 elements (CD300a and Exoc8) showed the majority of editing sites, namely 13 out of 20, to be clustered in a relatively short region (Supplemental Fig. 1 ). Within this region, editing of two adenosines is conserved between the two B1 elements of CD300a and Exoc8 (Fig. 3) . While editing in CD300a exclusively occurs in a perfect stem-loop, edited adenosines in Exoc8 are often found in small loops or gaps (Fig. 3) . Aligning the B1 repeats with Alu shows the site 2 of Exoc8 to overlap with one of the preferred Alu editing sites (Kim et al. 2004; Levanon et al. 2004 ). The two studied B2 elements (Gab2 and Ablim1) are much more divergent from each other than the two B1 elements, and the editing sites are more scattered (data not shown).
In the present study we have investigated 31 editing sites, with respect to which ADAR is responsible for the A-to-I substitution. We demonstrate the involvement of ADAR1 in the editing of two novel coding targets, namely FlnA and Blcap. In addition, a handful of exclusive ADAR1 editing sites located in mouse repetitive elements B1 and B2 have been identified. Our findings add another piece to the puzzle of the yet to be explained lethal phenotype of ADAR1 knock out mice.
MATERIALS AND METHODS

Editing status of coding targets
The regions of FlnA, Blcap, and Cyfip2 that contain the recently published editing sites were amplified by PCR. As a template, cDNAs (kindly provided by Professor Peter Seeburg and Dr. Miyoko Higuchi [MaxPlanck-Institute for Medical Research]) derived from mice or embryos deficient in ADAR1, ADAR2, or both enzymes were used. These cDNAs were derived from brain of ADAR2 À/À mice or from primary neu-FIGURE 2. Triplet preferences. Frequencies of triplets are shown in percent (blue-gray bubbles). Each value is subdivided into sites edited exclusively by ADAR1 (indicated in light blue), ADAR2 (indicated in gray), or both enzymes (white). To take sequence bias into account, these values represent the frequency of edited triplets corrected against their overall occurrence within the dsRNA structures.
ronal culture of ADAR1 À/À mice and the double knockouts. In the case of FLNA primers, MJ1319 (59-GGTGACGCCCGCCGCCT-TAC-39) and MJ1317 (59-AAGATGCTGGCTGGTTGACC-39) were designed to bind in exon 42 and exon 43. The region of interest in BLCAP was amplified using the primer pair MJ1306 (59-GGCGTCGCCCGCCTGGGC-39) and MJ1308 (59-GAGTGG CTGAACCACAGAGCG-39), designed to bind in exon1 and exon2, respectively. Primers MJ1311 (59-CCAAGAAGAGAATCA ACCTTAGC-39) and MJ1312 (59-CTGAACAAGAGAAGTATCAC TCG-39) were used to PCR generate the region of Cyfip2, where editing takes place. For amplification of the fragments with Taq Polymerase (Fermentas), 30 cycles of PCR were used. The resulting products (70 base pairs [bp] for FLNA, 270 bp for BLCAP, and 130 bp for CYFIP2) were isolated from a 2% agarose gel (PeqLab) and subsequently cloned into the vector pGEMTeasy. Plasmid DNA of 12 or more individual clones was isolated and sequenced using a BigDye Terminator Cycle Sequencing Kit (Applied Biosystems).
Editing status of noncoding targets
Editing of B1 SINEs was investigated on the basis of three B1 repeats located in the 39UTR of the gene Exoc8 and two B1 repeats located in the gene CD300a. Editing of B2 SINEs was examined by means of two B2 repeats located in an intronic region of the Gab2 gene and two B2 repeats located in the gene Ablim1. The regions of interest were amplified by PCR from cDNAs (kindly provided by Professor Peter Seeburg and Dr. Miyoko Higuchi [MaxPlanck-Institute for Medical Research]) derived from mice or embryos deficient in either ADAR1, ADAR2, or both. The three B1 elements found in Exoc8 were amplified separately using the following primer pairs: MJ1565 (59-CCTTAAGAATGCCAGAGA TTTG-39) and MJ1566 (59-GCAGCACAGCATTTGAAGAGT-39) for repeat1, MJ1662 (59-GAAACTTAGTAACTGAGTAGAG-39) and MJ1663 (59-CCCTACTCAACAACCTGAAG-39) for repeat2, and MJ1664 (59-CAAGGGTTTCTCTGTATAGC-39) and MJ1665 (59-CGTTGACAAAACCCACAGC-39) for repeat3. The transcript CD300a harbors two B1 elements, which were amplified using primer pairs MJ2196 (59-CCTAAGCTCTGAGGACAAAAGCC TG-39) and MJ2197 (59-GGGCTACAGGCATGTAACAGACA TC-39) for repeat1 and MJ2198 (59-GGTAGGATGATGGCTATT TGTGACTT-39) and MJ2199 (59-CCCACA CACCGTGGAACCTGGCTTT-39) for repeat2. In the case of Gab2, the two B2 repeats are located in close vicinity to each other and can therefore be amplified as one fragment using the primer pair MJ1857 (59-AGAGAGCTAAATAAAGTTCAGC-39) and MJ1860 (59-CAGCTAGACTTTCACATCT AG-39). Amplification of the two B2 repeats found in the Ablim1 gene was performed with the following primer combinations: MJ2114 (59-CCCGCGCTCTTCATCCGAT TTC-39) and MJ2115 (59-CCCAAGACCGT GATCCACACG-39) for repeat1, MJ2116 (59-GGTGCCCATTTGGTCAATTCATGA-39) and MJ2117 (59-GGGAAACACGCTCT GATCAAT-39) for repeat2. For amplification of the fragments with Taq Polymerase (Fermentas), 30 cycles of PCR were used. The resulting products (250-500 bp) were isolated from an agarose gel (PeqLab) and directly bulk sequenced using a BigDye Terminator Cycle Sequencing Kit (Applied Biosystems), with the exception of CD300a, which was sequenced by single-clone analysis as described for the coding targets.
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